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1
This invention relates to fluid flow meters, and
more particularly to a fluid flow meter in which
_ the cooling of a hot wire by convection or gas
velocity is employed as a measure of the fluid
flow rate.

In certain applications wherein the rate of fluid
flow is to be ascertained, it is necessary not only
that the measuring device be highly accurate but
also that disturbance of the fluid flow by the
measuring device be held to a minimum. How-
ever, most conventional fluid flow measuring de-
vices are so constructed that disturbance of the
fluid flow is essential to the operation of the
measuring device. For example, in vane type de-
vices, the vane serves as a restriction when used
in a duct or as a deflector when employed in the
open; in either case considerably disturbing the
fluid flow. '

Avoidance of any disturbance of the air flow is
particularly important in connection with the
ventilation of submarine storage batteries, be-
‘cause variation in air flow can cause considerable
damage to the batteries as well as endanger men
on the submarine. A submarine storage battery
evolves hydrogen at various rates during charge
and at a very low rate during discharge or stand.
In order to remove this hydrogen from the space
above the electrolyte in the cells, the cells must
be separately and properly ventilated, This is
done by drawing air from the battery compart-
ment into and through the cells and then dis-
charging it outboard or into some other part of
the submarine, the optimum rate of ventilation
. depending upon the particular region of the nor-
mal charge-discharge cycle in which the battery
is operating. The system which supplies this
ventilation is ordinarily so arranged that all cells
in a battery are connected in parallel to the input
of a single ventilation blower. Such an arrange-
ment is, however, subject to wide and highly un-
desirable variations in the flow of air through
individual cells if small differences exist in the
flow resistances either of the cells or of the venti-
1ation ducts leading to them. Accordingly, in or-
der to make possible equalization of the air flow, a
variable restriction is built into each cell so that
its resistance can be adjusted until all cells are
being ventilated at approximately the same rate.
Proper adjustment of the variable restrictions re-
quires that the fluid flow rate be accurately meas-
ured and yet that the introduction of the measur-
ing device not disturb the fluid flow. It will be
readily understood that the disturbance which
might result from the introduction of the measur-
mg device would be apparently only from its ulti-
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mate effects on the system in which it is used and
not from any indication provided by the measur-
ing device.

In general, it may be stated as a fundamental
requirement that in balancing the air flow
through a large number of branches of a parallel
system such as that described, the measuring in-
strument which is to be used must either cause
negligible disturbances of the air flow or the same
proportionate disturbance in all branches. The
effect of inserting a measuring instrument will,
however, depend upon the relative values of the
pressure drop across the instrument angd the pres-
sure available for forcing the air through the sys-
tem. If they are of the same order of magnitude,
the disturbance will be very large. On the other
hand, if the drop across the instrument is very
small compared to the total, the disturbance will
be negligible. Conventional types of flow-meters
have been found to cause a comparatively large
alteration in the flow of air through a cell and
consequently, since the air flow in different parts
of the battery is not uniform, such meters have a
disturbing effect which is not the same through-
out the battery. Proper equalization of ventila-
tion is accordingly impossible with such instru-
ments.

An object of the present invention is to provide
a new and improved apparatus for fluid flow
measurement, and more particularly an appara~
tus for fluid flow measurement which may be em-
ployed without introducing any d1sturbance of
the fluid flow rate being measured.

A further object of the present invention is to
provide a new and improved fluid flow meter in-
which the cooling of a heated element by convec-
tion may be utilized as a measure of the rate of
fluid flow past the element.

A further object is to provide a fluid flow meter
in which the cooling of a heated element by con-
vection is utilized as a measure of the rate of
fluid flow and in which the effects of cooling due
to radiation and thermal conductivity are effec-
tively cancelled.

Other objects and advantages of the present in-
vention will be apparent from the following de-
tailed description taken in conjunction with the
drawings, wherein:

Figure 1 is a plan view of a fluid flow meter con-
structed in accordance with one embodiment of
this invention and adapted for measuring the air
flow used in ventilating a battery;

Figure 2 is a front elevation of the device shown
in Figure 1, the device having a cap mounted on
its upper end




) ’ 3

Plgure 3 iz a side elevation of the device shown
in Figure 2; .

Figure 4 is a transverse, sectional view taken
along the line 4—4 of Figure 2;

Pigure B is a detall, vertical, sectional view
taken substantially along the line §—8 of Fig-
urel;

Plgure 8 is a detall, vertical, sectional view
taken substantially along the line 86—8 of Fig-
ure l;

Figure 7 is s graphic representation of the cool-
ing of a heated body by convection at two differ-
ent initial temperatures and flow ranges; and

Figure 8 is a schematic diagram showing the
circuit employed with this meter.

Heat may be lost from a body in three ways:
radiation, thermal conductivity, and convection,
the total loss being the sum of the losses by these
three processes. While the rate at which heat
is lost from a body by radiation or thermal con-
ductivity is independent of the fluid flow past
the body, the rate at which heat is lost from a
body by convection depends upon the velocity of
fluid flow, this rate being determined according
to & law which has been mathematically derived
only for regions somewhat removed from the zero
point. This law indicates that the heat loss from
a body by convection is proportional to the square
root of the velocity and may he stated as follows:

He=KV 20 (¢ )]

wherein, Hc.—=the heat loss by convection, K=
a constant, V=the velocity of the fluid, and ¢
equals the temperature difference obtaining be-
tween the body and its surrounding fluid. This
law is substantially obeyed if the temperature of
the hot body is maintained constant.- However,
it the heat input to the body is maintained con-
stant instead, then at equilibrium the total heat
loss will equal the heat input and consequently
the temperature of the body will depend upon
the fluid flow as follows: .

‘H=K6V/a-+Kr0 (2)
wherein Kr is the thermal conductivity of the

fluid. Accordingly, if Equation 2 be solved for ¢
‘then

H

= RTiT Ry 3)

From Equation 3 it will be observed that as the

fluid velocity increases, the temperature of the
body drops by an amount which tapers off and
approaches asymtotically to a line representing
the condition where the temperature of the body
has reached the temperature of the fiuid. This
behavior is shown by curve 1 of Figure 7.

In the region of air flows approaching the zero
point, the preceding considerations do not apply.
The phenomena which occur here are difficult to
evaluate precisely but from a practical stand-
point it has been established that in this region
the heat loss by convection varies according to
approximately the square of the velocity of flow
rate for comparatively low temperatures. This
may be expressed by the following equation:

N
= RVitKs (4)

Curve 2 of Figure 7 illustrates this relation for
low values of V.

Inspection of curves | and 2 of Figure 7 re-
veals that they are supplementary to each other;
that is, where one has its maximum sensitivity,
the other is at & minimum, and vice-versa. Ac-
cordingly, if these curves are added, their sum
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will approach a straight line.  In ‘accordance
with the present invention a fluid flow meter
has been provided which, in effect, enables addi-
tion of the two curves to provide an indication
which will be essentially linear for both low and.
high fluid flow rates and at the same time causes
substantially no disturbance of the air flow itseif.

Referring now to Figure 1 it will be seen that
a flow tube 10 is illustrated through which a gas
may flow at a rate which it is desired to ascertain,
In a particular case, the tube may be designed
so as to be inserted in a fluid flow system as &
part of the duct or conduit thereof, or may be an
integral section thereof. For example, where
the fluid flow meter of this invention is to be
employed in measuring the rate of air flow used
in ventilating a battery, the tube 10 is con-
structed as shown in these drawings so as to
have an annular shoulder or flange 1| integrally
formed adjacent its lower end, the shoulder i
being adapted to rest on the edge of a battery
venting aperture, not shown. When so employed,
the tube 10 is substituted for the usual battery
cap, and the flow tube is so designed that the
upper end is a replica of the standard battery
intake, including the cap 12, the underside of
which is recessed to permit air to be drawn into
the tube 10. It will be understood, however, that
adaptation of the device of this invention to the
measurement of air flow in conduits or ducts may
readily be made as the circumstances of a par-
ticular case require.

In the particular case shown in the drawing, a
portion of the side of the tube I0 immediately
above the annular shoulder |1 is recessed slightly
to receive a small, flat, rectangular mounting
plate 14, which is rigidly secured to the side of
the tube by suitable means. 'The mounting plate
14 serves as a support for a substantially rec-
tangular block {5 which in turn serves as a flla-
ment housing and contains four filament cham-
bers 13, 11, 18 and (9, consisting of substantially
cylindrical apertures symmetrically placed about
the center of the block and passing through it in
such a way that they extend from the left to the
right side of the block, as viewed in PFigure 5.
The upper portion of the mounting plate 14 is
transversely apertured to receive two short tubes
20 and 21 the outer ends of which, when the block
15 is assembled on the plate {#, extend into the
chambers {6 and 17 respectively and the inner
ends of which extend through the wall of the
flow tube {0 to communicate with the interior
passage thereof, the side wall of the flow tube
being suitably apertured to permit the tubes 20
and 21 to extend therethrough. Communicating
with the left ends-of filament chambers 18 and
IT as viewed in Figure 5 and extending upwardly
therefrom are two vertically disposed tubes 23
and 24 whereby air may be admitted to the fila-
ment chambers 16 and 11.

When a fluid is fiowing through a tube con-
taining a restriction of any type, a difference
will exist in the fluid pressure on the two sides
of the restriction, and if a by-pass is inserted
around the restriction, this pressure difference

~will cause fluid to flow through the by-pass.

Then, the rate of flow through the by-pass will
be a function of the rate of flow through the
main tube. In the present instrument, the bat-

tery cap 12 serves as a restriction to produce the

required pressure difference, and the passages
through the tubes 23 and 24 the chambers 16 and
11, and the tubes 20 and 2/ serve as by-passes.
Other means for producing the pressure differ-
ence than the battery cap, such as an adjustable

N
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diaphragm, can readily be substituted for the
battery cap, as will be readily apparent and

_ because of\the aspirative effect of the fluid flow-

ing past the\inner ends of the short tibes 20 and

2(, sufficient air will be drawn through the filla-

‘ment chambers {6 and 17 without using a re-

striction.

. As shown in Figures § and 6, in each of the
chambers 16, 17, {8 and 19, is positioned a resist-
ance wire or fllament, the fllaments being des-
ignated respectively 26, 27, 28 and 29. Since the
upper chambers 16 and {1 form by-pass paths,
the fllaments 26 and 27 located therein are sub-
jected to a fluid flow proportional to the flow
through the main tube. The fllaments 28 and
29 in the lower chambers 18 and 19 are isolated
from all flow effects, provision being made, how-

_ever, for the surrounding -atmosphere to enter

where the‘\it:ld flow rate is high, in some cases

these chambers by diffusion through small ports.

25 formed in the bldck 16 and extending from the
interior of the chambers {8 and 19 to the side
of the block. The diffusion so obtained balances
out any changes in the thermal conductivity of
the air due to the pressure of gases such as hy-
drogen or carbon dioxide.. While any suifable
filament design may be employed, that shown in
the drawings, has been found to be satisfactory.
As may be seen in Figures 4 and 5 in this filament
design the filament is bent to have a V-shape with
the apex of the V extending toward the flow tube
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10. 'The outwardly extending ends of the fila-

ments are mounted in a supporting button 30
Wwhich is made of a suitable insulating material,
and which is mounted in the outer end of each
of the filament chambers, the buttons being coun-
tersunk into the chamber and-sealed thereto.

In order to support the inner ends of the fila-

ments, a supporting lead 31 is provided for each

fllament and has one end rigidly mounted in the
associated button 30 while its other end extends
to the apex of the filament. This lead is best
shown in Pigure 5. As these four fllaments are
to serve as the four legs of a Wheatstone bridge, it
is essential that a symmetrical arrangement be
maintained and that they be substantially iden-
tical. By arranging the filaments symmetrically
in four eylindrical chambers of identical size and
shape, as described, heat losses due to radiation
‘and thermal conductivity are made substantially
equal from all filaments, and consequently be-
cause of the Wheatstone bridge arrangement,
cancel,

In the operation of this flow meter, air passes
downwardly through the flow tube 10 and because
of the restriction provided, in the particular in-
stance shown by the cap 12, a pressure drop is
created, creating ih turn a vacuum of a degree
equivalent to the pressure drop which is utilized
to draw air through the tubes 23 and 24 and over
the filaments 26 and 27 disposed in the chambers
16 and {7 respectively. It is well known that the
electrical resistance of most metals is a function
of temperature within certain limits of tempera~-
ture, that is to say that the resistance of the metal
will change within this region of temperature in
the same way as does the temperature. Conse-
quently, curves | and 2 of Pigure 7 also represent
the relation between the chiange of electrical re-
sistance of the filament and the velocity of the
surrounding fluid, the relation being shown for

two substantially different ranges of flow rates.
As hereinbefore explained, by combining the re-
sults expressed In curves | and 2 of Figure 7, an
-essentially linear relation is obtained.
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In accordance with the present invention, a
flow meter has been provided in which an essen-
tially linear indication: Is obtained by auto-
matically combining the results expressed in
curves { and. 2 in which at the same time heat
losses due to radiation and to thermo-conduc-
tivity are eliminated -from the indication pro-

‘duced by the meter. Referring to Figures 1 and 6

it will be seen that while the by-pass tube 24 is
open to its full diameter at its upper end, the by-
pass tube 23 is sealed at its upper end by a cover
plate 33 except for a small aperture 34 formed in
the center of the cover plate. Since the size of the
operiing provided by the aperture 34 is very much
less than the size of the opening at the upper end
of the tube 24, it will be readily apparent that
the air flow through the tube 23 will be corre-
spondingly less than the air flow through the tube
24 resulting from the vacuum in the main flow
tube. Thus the conditions required for simulat-
ing both curves | and 2 of Figure 7 are provided.
In practice it has been found desirable to make
the aperture 34 approximately vs the size of the
aperture at the upper end of the tube 24, thus per-
mitting an air flow through the tube 23 approx-
imately %5 the air flow through the tube 24.

In the present invention the resistance changes
of the two filaments 26 and 27 are added by con-
necting these two filaments as opposite legs of a

‘Wheatstone bridge, as shown in Figure 8, fila-

ments 28 and 29 forming the other pair of legs
of the bridge. Any suitable measuring circuit
may be employed, and the circuit shown in Fig-
ure 8 is merely illustrative of a bridge circuit
adapted to the requirements of this invention. It
consists essentially of means for measuring and
for controlling the bridze current, for adjusting
the bridge balance, and for indicating the un-
balance which occurs with flow. The same indi-
cating device is used for both bridge balance in-
dication and bridge current indication by operat-
ing a switch. Referring to Figure 8 it will be seen

_that this circuit includes a source of electrical

power 35, such as a battery, which is connected
across the bridge through variable resistance 36,
whereby the current level is controlled, and a
bridge balancing resistance 37 connected between
filament 26 and 28 to balance the bridge at zero
air flow. Since the filament 27 is located in the
chamber through which the air flow rate is
greater, it is desirable that this filament be op-
erated at a lower temperature level than the
filament 26, located in the low flow rate chamber,
so that the actual temperature change in response
to the fluid flow will be substantially the same in
both filaments. Thus shunt resistance 38 is con-
nected across filament 27, thereby reducing the
current applied to filament 27. In order to main-
tain symmetry, inactive filament 29 is shunted by
resistance 40 which has exactly the same value
as resistance 38. Resistance 4! is the bridge cur-
rent shunt for the indicating meter 42 and is se-
lected to have a suitable value so that the po-
tential drop across it will provide a full scale read-
ing on the meter at the desired bridge current.
Double pole, double throw switch 43 makes pos-
sible using the single meter 42 to measure either
bridge balance or bridge current.

As this apparatus normally possesses a tem-
perature coefficient due to changes in gas density,
the temperature coeficient of the meter 42, and
to other causes, which act to increase the read-
ing of the meter 42 for a given airflow as the
temperature increases, where 4 high degree of
accuracy is desired, a temperature compensating
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resistor 44 is inserted in the bridge current me-
tering circuit as shown. Thus, when switch 43

is in the bridge current metering position, re-

sistance 44 automatically requires that resistance
36_be reset, as the temperature rises, to a value
which increases the bridge current necessary for
full scale deflection of meter 42, By proper se-
lection of the magnitude of this resistance it is
possible to compensate the instrument so that
a given reading indicates airflow independently
of temperature, either according to the weight
of air which is passing, or according to the actual
volume at the temperature of the measurement.

In the operation of this apparatus and partic-
larly in the calibration of the apparatus certain
adjustments may. be necessary in order to obtain
a suitably linear response. It has been stated
hereinbefore that the low f{emperature filament
27 has its maximum sensitivity in the initial part

of the calibration curve while the high tempera~- 9

ture filament has its minimum sensitivity at this
point. At the top end .of the calibration curve
the opposite is true. In general it may be said
that the lower temperature filament controls the
shape of the lIower end of the curve and the higher
temperature filament controls the shape of the
upper end. Thus if the initial calibration curve
shows a hump or a sag at the lower end, it may
be straightened by decreasing or increasing re-
spectively the effectiveness of the low tempera-
ture filament. This in turn is accomplished by
decreasing or increasing the value of the shunt
resistances. Similarly if the upper end of the
curve is cupped either up-or down, it can be
straightened by controlling the effectiveness of
the high temperature filament. This is, however,
a little more difficult since the current through
the high temperature filament can be changed
only by changing the hridge current. This nor-
mally alters the current through the low temn-
perature filament so that the net result is a
change in range of the instrument with no ap-
preciable change in the change of the calibra-
tion curve. The effectiveness of the high tem-
perature filament is changed most easily by vary-
ing the by-pass orifice size, that is the size of
the aperture 34. In general if the upper end of
the curve is cupped downwardly it indicates that
too great a length of the normal hot wire cali-

bration curve is being utilized by the high tem- 5

perature filament. This must be corrected by
decreasing the orifice size. Such a decrease will
also result in an increase in the range of the
instrument which may in turn be corrected by
raising the bridge current. As a result of this
it may then be necessary to decrease the shunt
resistance on the low temperature filament. If
the upper end of the curve is cupped upwardly,
it may be corrected by corresponding changes in
the opposite direction.

From the foregoing it will be apparent, that a
fluid flow meter has been provided in which the
cooling of a hot wire by convection or gas velocity
is employed as a measure of the fluid flow rate
and which is so designed that changes in the
temperature of the hot wire due to radiation or
to thermal conductivity are automatically elim-
inated. It will be further apparent that the in-

roduction of this device into a fluid flow system
involves substantially no interference with the
normal flow of the fluid. :

Where herein the various parts of the inven-
tion have been referred to as being located in a
right or left position, it will be understood that
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description and that the references relate only
to the relative positions of the parts as shown
in the accompanying drawing.

While but one embodiment of this mvention
has been shown and described, it will be under-
stood that many changes and modifications may
be made therein and that the device may be em-
ployed in many other situations besides deter-
mining the rate of ﬁuid flow in ventilating a
storage battery.

The invention shown and described herein may

" be manufactured and used by or for the Govern- .

ment of the United States of America for gov-
ernmental purposes without the payment of any
royalties thereon or therefor.

What is claimed is:

1. A fluid flow meter including a first bypass
duct-having a relatively small effective diameter .
for passing a proportionate part of the flow to
be measured at velocities approaching the zero
velocity, a- second bypass duct having a large
effective diameter relative to said first duct for
passing a proportionate part of the flow to he
measured at velocities substantially greater than
the fluid velocity in the first duct, first and sec-
ond thermally responsive elements disposed in
the flow paths of said first and second ducts re-
spectively, the fluid passing over said elements
causing a thermial response in accordance with
the heat lost by said elements by convection, and
indicating means coupled. to said elements op-
erative to cumulatively indicate the thermal re-
sponse thereof.

2. A fluid flow meter including a first duct
adapted to pass a proportionate part of the flow
to be measured  at velocities approaching the
zero velocity, a second duct adapted to pass a
preportionate part of the flow to be measured at
velocities substantially greater than the fluid
velocity in the first duct, first and second ther-
mally responsive elements disposed in the flow
paths of said first and second ducts respectively,
the fluid passing over said elements causing a
thermal response in accordance with the heat
lost by said elements by convection, means cou-

led to said elements for compensating for the
thermal response of said elements caused by
variations in the thermal conductivity of said
fluid, and indicating means coupled to said ele-~
ments operative to cumulatively indicate the
thermal response thereof. .

3. A fluid flow meter including a first bypass
duct having a relatively small effective diameter
for passing a proportionate part of the flow to be
measured at velocities approaching the zero ve-
locity, a second bypass duct having a large ef-
fective diameter relative to said first duct for
Dbassing a proportionate part of the flow to be
measured at velocities substantially greater than
the fluid velocity in said first duct, first and sec-
ond elements disposed in the flow paths of said
first and second ducts respectively thermally re-
sponsive to variations in fluid flow thereover,
an electrical circuit including said elements, and
indicating means in said circuit operative to
cumulatively indicate the response of said ele-
ments.

4. A fluid flow meter including a first bypass
f duct having a relatively small effective diameter

70 for passing a proportionate part of the flow to be

measured at velocities approaching the zero ve-
locity, a second bypass duct having a large ef-
fective diameter relative to said first duct for
passing a proportionate part of the flow to be

this is done solely for the purpose of facilitating 75 measured at velocities substantially greater than



2,624,199

9

the fluid velocity in said first duct, first and sec-
ond electrical resistance elements disposed in the
flow paths of said first and second ducts respec-
tively thermally responsive to variations in fluid
flow thereover, an electrical circult including said
_elements, and indicating means in said circuit
operative to cumulatively indicate the response
of said elements.

5. A fluld flow meter for measuring fluid flow
through a conduit including a first duct leading
from said conduit and having a relatively small
effective diameter for passing a proportionate
part of the flow to be measured at velocities ap-
proaching the zero velocity, a second duct lead-
ing from said conduit and having a large effec-
tive diameter relative to said first duct for pass-
ing a proportionate part of the flow to be meas-
ured at velocities substantially greater than the
fluid velocity in saild first duct, first and second
electrical resistance elements in said first and
second ducts respectively thermally responsive to
fluid flow variations therein, and indicating

10

flow thereover, a bridge circuit including said ele-
ments as opposite legs thereof, and a meter ar-
ranged in said bridge circuit operative to cumu-
latively indicate the thermal response of said
elements.

8. A fluid flow meter including a first bypass
duct having a relatively small effective diameter
for passing a proportionate part of the flow to
be measured at velocities approaching the zero
velocity, a second bypass duct having s large-
effective, diameter relative to said first duct for
passing a proportionate part of the flow to be

" measured at velocities substantially greater than

15
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means coupled to said elements operative to cu- -

mulatively indicate the thermal response of said
elements. ) : :
6. A fluid flow meter including a first duct
adapted to pass a proportionate part of the flow
" to be measured at velocities approaching the
zero velocity, & second duct adapted to pass a
proportionate part of the flow to be measured
at velocities substantially greater than the fluid
velocity in said first duct, first and second elec-
trical resistance elements disposed in the flow
‘paths in the first and second duct respectively
thermally responsive to variations in fluid flow
thereover, an electrical circuit including said
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-elements, means in said circuit for maintaining -

_said first element at a higher temperature level
.than said second element, and indicating means
in said circuit operative to indicate the cumu-
lative response of sald elements.

40

7. A fluid flow meter including a first bypass -

duct having a relatively small effective diameter
for pass ing a proportionate part of the flow to
be measured at velocities approaching the zero
velocity, a second bypass duct having a large ef-
fective diameter relative to said first duct for
passing a proportionate part of the flow to be
measured at velocitles substantially greater than
the fluid velocity in said first duct, first and sec~

45

50

ond electrical resistance elements disposed in the *

flow paths in the first and second ducts respec-
tively thermally responsive to variations in fluid

the fluid velocity in said first duct, first and sec~

.ond electrical resistance elements disposed in the

flow paths in said first and second ducts respec-
tively thermally responsive to variations in fluid
flow thereover, a bridge circuit including said -
elements as opposite legs thereof, a meter ar-
ranged in said bridge circuit operative to cumu-
latively indicate the thermal response of said
elements, and electrical resistance means in said
bridge circuit for compensating for the thermal
response of said elements caused by variations in
the thermal conductivity of said fluid.
MYRON H. BOYER.
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